Numerous studies have implied that enhanced cell-substratum adhesion plays a role in neurite outgrowth by neuronal cells. Using an extracellular matrix (ECM) produced by cultured corneal endothelial cells, we have investigated attachment and de novo neurite outgrowth by the pheochromocytoma cell line, PC12. PC12 cells were found to attach more rapidly and efficiently to the ECM than to plastic or collagen-coated surfaces. An extensive but temporary (5 to lo-day) neurite outgrowth occurred in the absence of nerve growth factor (NGF) when cells were on the ECM. However, long term neurite survival and further elongation required NGF. Our findings are consistent with the hypothesis that protein(s) in the ECM has an important role in neurite outgrowth. Thus, NGF may not so much initiate neurite outgrowth as it stabilizes neurites.
Among the various factors which can influence axonal growth in vivo are chemotactic and/or trophic factors, such as NGF" (Varon and Bunge, 1978; Greene and Shooter, 1980; Vinores and Guroff, 1980) , contact guidance (i.e., fasciculation) (Johnston and Wessells, 1980; Buskirk et al., 1980) , and the physicochemical interaction of actively growing nerve fibers with the various sub- ' strata that they encounter during the elongation process (Johnston and Wessells, 1980; Solomon, 1981) . The role of cell-substratum adhesion in the initiation, elongation, and branching of axons from either embryonic or neonatal sympathetic, parasympathetic, or sensory neurons or from neuronal tumor cell lines has been the object of numerous in vitro studies (Luduena, 1973; Helfand et al., 1976; Letourneau, 1975a Letourneau, , b, 1979 Schubert et al., 1978; Collins, 1978a Collins, , b, 1980 Collins and Garrett, 1980; Hawrot, 1980; Adler and Varon, 1981) . These studies have led to the conclusion that there is a strong correlation between substratum adhesion and enhanced neuronal morphogenesis. This suggests that the adhesive interaction between the nerve cells and their microenvironment could be a crucial part of the initiation and elongation of neurons. Regulation of neuronal morphogenesis therefore may be expressed in part through the physicochemical properties of the interacting cell surface and its extracellular environment. However, in most cases, the substrata considered have been artificial in nature, consisting of plastic, chemically modified surfaces (palladium-, polyornithine-, or polylysine-coated surface), or collagen gels, as well as killed non-neuronal cells and uncharacterized substratum-associated material produced by non-neuronal cells.
Cultured bovine cornea1 endothelial cells retain their ability to produce an extensive ECM (Gospodarowicz and Greenburg, 1981) . This ECM, as characterized in previous studies, is composed of collagen types 1:III:IV and V present at a ratio of 3:16:1 (Tseng et al., 1981) . Associated with the collagens are proteoglycans and glycosaminoglycans that consist of heparan and chondroitin sulfates (Gospodarowicz and Greenburg, 1981; Nevo et al., 1982) . Fibronectin and laminin (a marker for basal lamina; Timpl et al., 1979 ) also are present (Gospodarowicz et al., 1978 . This ECM therefore has the biochemical composition of a basal lamina composed of a lamina lucida and a lamina densa (Foidart et al., 1980; .
The ability of cultured BCE cells to produce a matrix similar to those found in viva gives us an opportunity to study the properties of a natural substratum with regard to nerve cell adhesion and the subsequent neurite initiation and outgrowth. It also allows us to study how the response of nerve cells to trophic and chemotactic agents, such as NGF, may differ from the response previously observed when cells were maintained on various artificial substrata.
The rat pheochromocytoma cell line PC12, which shares many properties with cultured sympathetic ganglion cells (Greene and Shooter, 1980) , was selected to study the role of cell-substratum interaction in regulating nerve cell attachment, neurite outgrowth, and protein synthesis. The advantage of using PC12 cells instead of normal sympathetic neuronal cells is that, although these cells do not require NGF in order to survive, they have been shown to respond to it by initiating de nouo neurite outgrowth on certain substrata (Greene and Tischler, 1976) .
Materials and Methods
Materials. DMEM (H-16), DPBS, glutamine, methionine-free RPM1 1640, PBS, penicillin, RPM1 1640, and streptomycin were obtained from Grand Island Biological Co. (Grand Island, NY) . Horse serum (heat inactivated) was obtained from KC Biologicals, Inc. (Lenexa, KS). Calf serum and fetal bovine serum were from Irvine Serum Co. (Irvine, CA). Tissue culture plastic dishes (Falcon) were from Becton-Dickinson Labware, (Oxnard, CA), Garamycin was from Schering-Plough Corp. (Kenilworth, NJ), and Fungizone was from E. R. Squibb & Sons, Inc. (Princeton, NJ) .
Mouse 7s and P-NGF were generously provided by Drs. L. F. Reichardt, K. Greif, and D. Shelton (University of California, San Francisco). Antiserum to mouse p-NGF was a gift from Drs. C. E. Chandler, T. Darling, and E. M. Shooter (Stanford University). Actinomycin D was from Calbiochem (La Jolla, CA). NH40H, cobalt chloride, glacial acetic acid, sodium nitrite, and other chemicals were reagent grade from Mallinckrodt (Paris, KY). Ara C, a-chymotrypsin type IV (recrystallized three times), cycloheximide, dextran (Mr = 40,000), dbcAMP, DTT, gelatin, glyoxylic acid, GuHCl, L-methionine, pnitrophenyl-P-n-xylopyranoside (xyloside), poly-n-lysine HBr (Mr = 360,000), and trypsin form III (recrystallized twice) were from Sigma (St. Louis, MO Cell culture conditions. The clonal rat pheochromocytoma line, PC12, was the generous gift of Dr. Lloyd A. Greene (New York University Medical Center). Cultures were maintained as described by Greene and Tischler (1976) with the addition of Garamycin. Cells were grown in RPM1 1640 supplemented with 10% heat-inactivated horse serum, 5% fetal bovine serum, 2 mM glutamine, 50 pg/ml of Garamycin, 100 units/ml of penicillin, and 100 pg/ml of streptomycin (growth medium). Cultures were maintained at 37" C in a humidified 5% CO2 incubator. Stock cultures (30 ml) had one-half of the medium volume changed three times weekly. Stock cultures with a cell density of 2.5 to 3 x lo5 cells/ml were used to initiate all experiments. Experimental cultures had one-half of the volume changed every other day with NGF added if previously present.
The University of California, San Francisco Cell Culture Facility screened stock cultures for Mycoplasma by DNA staining (Chen, 1977) , culturing (McGarrity et al., 1979) , and fluorescent antibody staining (Barile et al., 1973) . The results were negative. The screening for other microbial contaminations was also negative.
Cultures of BCE cells were established from steer eyes as already described (Gospodarowicz et al., 1977; Gospodarowicz and Greenburg, 1979) . Stock cultures were maintained in the presence of DMEM supplemented with 10% fetal bovine serum and 5% calf serum, 2 mM glutamine, 2.5 fig/ml of Fungizone, and 50 pg/ml of Garamycin in a humidified 10% CO, incubator. BCE cultures used to coat plastic dishes with an ECM were grown as described above but with 10% calf serum and 5% dextran. Bovine vascular endothelial cell cultures were established from adult bovine aortic arch (Gospodarowicz et al., 1976) . Cell stocks were maintained routinely in DMEM supplemented with 10% calf serum, 2 mM glutamine, 2.5 pg/ml of Fungizone, and 50 pg/ml of Garamycin. To both cell types, FGF (100 rig/ml) was added every other day until the cells reached confluence (Gospodarowicz et al., 1978) . Xyloside-treated ECM was prepared as above but with the addition of xyloside (125 PM) at the time of seeding (Nevo et al., 1982) .
Coating of plastic tissue culture dishes with either collagen or ECM. Tissue culture dishes (35 mm) were coated with bovine skin collagen (10 pg/250 ~1 in distilled water). The collagen solution was spread as a film over the dish and allowed to dry at room temperature in a sterile laminar flow hood. This amount of attached col-lagen was found to yield optimal cell attachment in 24 hr (D. K. Fujii, S. L. Massoglia, N. Savion, and D. Gospodarowicz, unpublished results) . Dishes were coated with gelatin by incubating 1 ml of a 0.2% solution per 35mm dish at 4°C overnight, followed by washing with DPBS.
Plastic dishes (35 mm) or glass coverslips coated with an ECM produced by BCE cells were prepared using an alkali treatment. Confluent BCE cultures were exposed to 0.02 M NHdOH in distilled water for 5 min, followed by washing and storage with antibiotics in DPBS at 4°C. The presence of cytoskeletal elements (actin and vimentin) or nuclei could not be detected on the denuded ECMs when the plates were examined by phase contrast microscopy, scanning electron microscopy, or indirect immunofluorescence using either specific antibodies directed against actin or vimentin or the bisbenzimidazole derivative Hoechst 33258 for nuclear staining .
were examined. Trypsin, a-chymotrypsin, and collagenase were dissolved in PBS (pH 7.4) at a final concentration of 0.1%. Chondroitinase ABC was dissolved in enriched Tris buffer at pH 8.0 (Saito et al., 1968 ) and used at 1 unit/ml. One milliliter was added per dish and incubated for 30 min at 37°C. Chemically or enzymatically treated ECM then was washed extensively with DPBS.
Coating dishes with conditioned medium from bovine vascular and cornea1 endothelium. Bovine vascular and cornea1 endothelial cell-conditioned medium was prepared by exposing confluent dishes (10 cm) to 10 ml of DMEM supplemented with 2 mM glutamine, 50 pg/ml of Garamycin, 100 units/ml of penicillin, 100 pg/ml of streptomycin, and 2.5 pg/ml of Fungizone for 5 days at 37°C. The conditioned medium was filtered through a 0.45~pm Millipore filter.
PC12 cell adhesion and neurite extension assays. Cells were exposed to 0.25% trypsin solution in PBS for 15 min at 37°C. This treatment dissociated cell aggregates into 85% single cells at a minimum, with the remainder consisting of clumps composed of less than 5 cells. Aliquots of the cell suspension were counted in a Coulter counter, and 1 to 4 x lo" cells in 2 ml of growth medium then were seeded on tissue culture dishes or dishes coated with either collagen or ECM for cell attachment assays. The dishes then were incubated at 37°C for various times (from 10 min to 24 hr) in a 5% COz incubator. At various time intervals, duplicate plates were washed in order to remove unattached or poorly attached cells. The plates then were trypsinized (STV solution; trypsin (0.05%), EDTA (0.02%) in a PBS solution; Difco Laboratories, Detroit, MI) to release attached cells and then counted in a Coulter counter. A similar procedure was used to determine the number of cells per plate in other experiments.
To enhance the attachment of components in conditioned medium to culture dishes, the dishes were incubated with 1 mg/ml of poly-n-lysine in 0.1 M sodium borate (pH 8.4) at 4°C overnight. After washing with distilled water, 2 ml of conditioned medium was added and the dishes were kept at 4°C overnight. The plates were washed with DPBS.
Human plasma fibronectin (1 mg/ml) was coated on dishes precoated or not with poly-n-lysine or collagen as described by Orly and Sato (1979) . Bovine plasma fibronectin was isolated by the procedure of Ruoslahti et al. (1978) and coated on dishes at pH 6.0, 6.5, and 7.2 as described by Akers et al. (1982) .
For neurite extension assays, cells were dissociated as described above and then plated at 4 to 5 x lo4 tells/35-mm dish in 2 ml of growth medium. Cultures then were maintained for various times in a 5% CO2 incubator at 37°C. Phase contrast photographs of the cultures were taken at various time intervals and enlarged for scoring. Usually 100 to 500 cells were scored per time point and experimental condition. Cells were scored as having neurites if the projection was 20 pm or more in length or if a branch point was observed. All experiments were performed at least two times with similar results.
Transmission and scanning electron microscopy. For transmission electron microscopy studies, the culture medium was removed from the dishes and replaced with a 1.5% paraformaldehyde/glutaraldehyde fixative with 0.068 M sodium cacodylate buffer (pH 7.4) and 0.2% calcium chloride. The cells then were postfixed in 1% osmium tetroxide in Verona1 acetate buffer with the addition of 1% postassium ferricyanide for 2 hr. Following the postfixation, the cells were stained en bloc in 0.5% uranyl acetate, dehydrated, and embedded in Araldite 502. Ultrathin sections were cut on a Sorvall MT-2B microtome, stained with uranyl acetate followed by lead citrate, and then examined with a JEOL 1OOC electron microscope. Samples for scanning electron microscopy were fixed as above, subjected to CO2 critical point drying, and coated with Au/Pd. The samples were examined in a JEOL 35 U scanning electron microscope.
Chemical and enzymatic treatment of ECM. In order to elucidate the nature of the molecular components in the ECM responsible for neurite outgrowth, ECM-coated dishes were subjected to a number of chemical and enzymatic treatments as described below (Gospodarowicz and Greenburg, 1981) .
ECM-coated dishes were exposed at 37°C for 30 min to 1 ml of DTT (100 mM) or NH40H (14 M). All dilutions were made in distilled water. Dissociation or degradation of glycosaminoglycans was accomplished by treating the ECM with 4 M GuHCl (Sajdera and Hascall, 1969; Hascall and Sajdera, 1969; Rollins and Culp, 1979) or 2.5% nitrous acid (Cifonelli, 1968; Castellani et al., 1970; Lindahl and Roden, 1972) for 30 min at 37°C.
Catecholamine fluorescence. Catecholamine fluorescence of PC12 cells was induced by the glyoxylic acid conjugation described by de la Torre (1980) . Trypsinized cells were seeded onto ECM-coated glass coverslips and placed in 35-mm dishes with 2 ml of growth medium with or without NGF. At various times, a coverslip was dipped briefly three times into the sucrose/potassium phosphate/glyoxylic acid solution (pH 7.4), air-blown dry, mounted on glass slides with 16% (w/v) Gelvatol 20-30 (Feramisco and Blose, 1980) ) covered with a light mineral oil, and heated at 95°C for 3 min. The slides were examined using a Zeiss Photomicroscope III with epiillumination and a x 63/1.4 planapo oil immersion lens. The excitation range was 390 to 440 nm and the emission range was 450 to 490 nm. The effects of proteases, collagenase, and glycosidase
Labeling of cellular and secreted proteins, Newly Vol. 2, No. 8, Aug. 1982 synthesized cellular and secreted proteins were labeled using a modification of the procedure described by Savion and Gospodarowicz (1980) . Briefly, culture dishes (35 mm) were washed two times with methionine-free RPM1 1640 and then incubated at 37°C for 48 hr (days 3 to 5) in the presence of 1 ml of methionine-free RPM1 1640 supplemented with 1% horse serum, 2 mM glutamine, 50 pg/ml of Garamycin, 100 units/ml of penicillin, 100 ag/ml of streptomycin, 10 pM L-methionine, and 10 ~1 of L-[""Slmethionine (60 to 70 &i/dish). Monolayers then were washed three times with cold (4°C) PBS and lysed immediately with 100 ~1 of cell lysis buffer containing 9.5 M urea, 2% (w/v) Nonidet P-40, 2% Ampholine (pH range 3.5 to lo), and 5% P-mercaptoethanol. Lysates were stored at -70°C and analyzed by double gel electrophoresis.
Synthesis of secreted proteins was analyzed in cultures 6 days after plating. Cultures were washed as described above and then incubated in 0.7 ml of methionine-free RPM1 1640 with 2 mM glutamine and 7 ~1 of L- [~~S] methionine (45 to 50 &i/dish) for 6 hr at 37°C. The medium was collected and centrifuged to remove cellular debris, and the supernatant was recovered and frozen for storage. Samples were analyzed by sodium dodecyl sulfate-polyacrylamide slab gel electrophoresis.
Aliquots of the cell lysate or culture supernatant were used to measure trichloroacetic acid-precipitable radioactivity.
Double gel electrophoresis. Separation of cellular proteins was done by two-dimensional polyacrylamide gel electrophoresis (O'FarrelI, 1975; O'Farrell et al., 1977) . Proteins were separated according to their isoelectric point in the first dimension and according to their molecular weight in the second dimension. An equal number of counts per min of [""Slmethionine-labeled protein (but varying volumes of cell lysate) from samples to be compared were applied to a set of cylindrical nonequilibrated pH gradient gels followed by electrophoresis toward the cathode for 4 hr at 450 V. The isoelectric focusing gel was extruded into SDS sample buffer (10% glycerol, 5% ,&mercaptoethanol, 2.3% SDS, and 0.065 M Tris-HCl, pH 6.8), equilibrated in this buffer for 2 hr, and then loaded onto an exponential gradient (10 to 16%) polyacrylamide slab gel. The slab gels were run at constant current (20 mA) for about 4 hr. The gels were stained with 0.1% Coomassie blue in 50% TCA, destained in 7% acetic acid, dried, and exposed for the same length of time to NoScreen Kodak NS-2T x-ray film (Eastman Kodak, Rochester, NY). The pH value of the isoelectric focusing gels was measured using a parallel gel. Gel segments of 0.5 cm were soaked in 2.0 ml of degassed water for 1 hr. The pH value of this eluant then was determined with a pH meter. The pattern of cellular proteins of each sample was determined by at least three independent electrophoretic trials. The fluctuation in the amount of individual peptides was assayed by comparing the intensity of these individual peptide spots with those of other spots in the vicinity.
Analysis of secreted proteins by slab gel electrophoresis. Aliquots of medium containing equal amounts of [35S]methionine-labeled material were mixed with an equal volume of a sample buffer (double strength) composed of 15% glycerol, 2% SDS, 75 mM Tris-HCl (pH 6.8), 2 mM phenylmethylsulfonyl fluoride, 2 mM EDTA, 1 mM N-ethylmaleimide, and 1 mM iodoacetic acid. The samples were boiled for 2 min to denature nucleic acids and proteins. Samples were applied to an exponential gradient (5 to 16%) polyacrylamide slab gel with a 3% stacking gel (Laemmli, 1970) . The slab gels were run at 20 mA constant current for about 4 hr. After electrophoresis, the slab gels were fixed and stained with 0.1% Coomassie blue in 50% TCA, followed by destaining in 7% acetic acid. The slab gels then were dried and subjected to autoradiography on Kodak x-ray film.
Results
Adhesion of PC12 cells as a function of time and substratum. The time course of attachment of freshly trypsinized PC12 cells to plastic versus collagen-or ECMcoated tissue culture dishes is shown in Figure 1 . Less than 5% of the seeded cells attached to tissue culture dishes over a 24-hr period. When cells were seeded on collagen-coated dishes, within 1 hr, 30% were f&y attached to the collagen. The number of attached cells did not change appreciably during the following 5 hr. However, by 24 hr, it dropped to 15% indicating that some cells which initially attached firmly to the collagencoated dishes were later released into the media. When cells were seeded on ECM-coated dishes, they adhered rapidly and efficiently. Within 20 min of incubation, almost 30% of the cells were attached, and within 1 hr, the number of attached cehs reached 58%. Although there was no appreciable change in the number of attached cehs during the next 5 hr, by 24 hr, as many as 80% of the seeded cells were firmly attached to the substratum.
The morphological appearance was a function of the substratum and of time in culture (Fig. 2) . Cells seeded on collagen-coated dishes had, after 10 min of incubation, the morphological appearance of small, rounded, phasebright cells ( Fig. 2A ) . By 60 min, a few cells had flattened, but the majority of them were stih rounded (Fig. 2B ).
By 24 hr, although the number of flattened cells had increased, most of the adhering cells were stih rounded (Fig. 2C) . In contrast, when cehs were seeded on ECM, although, by 10 min, most of the ceIIs were rounded, a few flattened cells could be observed (Fig. 20) . By 60 min, most of the cells were flattened (Fig. 2E) . A similar morphological appearance was observed after 24 hr ( Fig.  2F ). At that time, it also can be observed that many cells adhering to the ECM have visible neurite outgrowths (Fig. 2F) .
Over the course of several days, it also was observed that, on both plastic and collagen-coated dishes, PC12 cells seeded as single cells tended to aggregate, forming clumps of cells. In contrast, cells maintained on ECMcoated dishes tended to remain as flattened individual cehs (D. K. Fujii, S. L. Massoglia, N. Savion, and D. Gospodarowicz, unpublished observation).
The effect of 7 S NGF, dbcAMP, and potassium ions on PC12 ceil attachment to collagen versus ECM-coated dishes also was analyzed. Seeding PC12 cehs onto ECMcoated dishes in the presence of 7 S NGF (3 pg/ml), dbcAMP (1 mM), or K+ (55 mM) did not affect either Figure 2 . Morphological appearance of PC12 cells at various times after plating on collagen-or ECM-coated dishes. Cells were plated onto collagen-(A to C) or ECMcoated (D to F) tissue culture dishes at 10 rain (A to D) and 1 (B and E) and 24 hr (C and F). Phase contrast microscopy was used. Bar, 100 q. The pictures taken at 10 min (A and D) were done before washing and aspiration to remove unattached cells. Others were taken after washing and aspiration. Cells plated onto plastic dishes were similar in morphology for the first 6 hr to those plated on collagen-coated dishes for 10 min (A) . At 24 br, their morphology was like that of cells plated on collagen for 1 br (B). Vol. 2, No. 8, Aug. 1982 their rate of attachment or the attachment efficiency.
greater than 100 pm. Particularly interesting was the Overnight pre-exposure of PC12 cultures maintained on disposition on both sides of some neurites of microspikes, plastic to NGF only slightly enhanced the ability of the which extended from them and appeared to be "stapling" trypsinized cell maintained in the presence of NGF to the neurite to the substratum (Fig. 5) . A similar configattach to collagen-coated dishes (10 to 15%) or ECMuration of microspikes or branchlets has been observed coated dishes (5 to 10%) after a 1-hr incubation (D. K. by Roberts (1976) for actively growing axons in uiuo that Fujii, S. L. Massoglia, N. Savion, and D. Gospodarowicz, move along the inner surface of an epidermal basal unpublished results). Thus, cell attachment to ECM is lamina. The only difference between 4-day-old cultures nearly optimal, when compared to plastic and collagen-maintained in the presence versus absence of NGF was coated dishes, and cannot be improved much by addition in the higher density of neurites present in the cultures of various factors known to induce neurites from PC12 exposed to NGF. This also was reflected by a greater cells.
average number of neurite outgrowths per cell, which in Neurite outgrowth on ECM as a function of time and some cases, could be as many as 12 neurites (Fig. 4F) . NGF exposure. PC12 cells, like primary sympathetic
The continuous and curvilinear appearance of neurites neurons, exhibit neurite outgrowth when exposed to NGF developing on ECM-coated dishes reflected their close (Greene and Tischler, 1976) . Therefore, we have analyzed association with the substratum. A distinct feature of the the ability of cells to initiate neurite outgrowth as a morphological appearance of neurites from PC12 cells on function of the substratum upon which the cells were collagen-coated dishes in the presence of NGF is that maintained and as a function of whether cultures were they appear as rectilinear segments (much like lines exposed to NGF. When cells were plated onto ECMconnecting dots) that attach to the substratum only at coated dishes, 52% of the cells had neurites by 48 hr (Fig. points where the direction changes. Poor attachment of 3). This morphological differentiation (Fig. 4, A and B) neurites between points of contact was indicated by their was, however, not permanent. After 48 hr, the percentage movement when the medium was disturbed. of cells expressing neurites started to decrease. Neurites
The apical cell surface morphology of cells maintained were seen to retract and were not pinched off from the on ECM for 2 days in the presence or absence of NGF cell body so that, between days 5 and 10, nearly all of the cells in cultures maintained in the absence of NGF were without neurites.
*Or
In contrast, when 7 S NGF (3 pg/ml) was present, nearly 74% of the cells exhibited prominent neurite outgrowth within 48 hr (Figs. 3 and 4, C and D). As time progressed, both the length and number of their neurites extending from cell bodies increased in cultures exposed to NGF (Fig. 4, E and F) .
It was reported by Greene and Tischler (1976) that the NGF-induced neurites of PC12 cells maintained on rat tail collagen-coated dishes retract quickly (75% decrease with 24 hr) once NGF was no longer present in the medium. In contrast, the rate of retraction of NGF-induced neurites of cells maintained on ECM-coated dishes was much slower. Even 7 days after the removal of NGF, numerous neurites extending from the cells maintained on ECM-coated dishes could be observed (Fig. 4 , G and HI.
Neurite outgrowth in the absence of NGF also was observed on an ECM produced by bovine vascular endothelial cell cultures and had a time course similar to that observed on the cornea1 ECM (D. K. Fujii, S. L. Massoglia, N. Savion, and D. Gospodarowicz, unpublished results).
Morphological appearance and catecholamine distribution in neurite outgrowths present in PC12 cultures maintained on ECM-coated dishes and exposed or not DAYS to NGF. When the morphological appearance of neurites Figure 3 . Neurite outgrowth by PC12 cells on ECM with or in cultures maintained on ECM-coated dishes and ex-without NGF. Cells were dissociated as described in the text posed or not to NGF was compared, it was observed that, and seeded at 5 X lo4 tells/35-mm ECM-coated dish in 2 ml of in both cases, they had the same morphological appeargrowth medium with (0) or without (0) NGF. 7 S NGF (3 pg/ ance (Fig. 4, A to D) . In both cases, the nerve fibers were ml) was added immediately and then every other day, when very slender (0.09 to 1 pm in diameter) with varicosities, one-half of the culture medium was replaced with fresh mebranching, some fascicles, microspikes (about 0.14 pm in dium. The mean percentage of cells with neurites (three separate determinations f SD) of the total number of cells is plotted diameter), as well as growth cones ( ( 1 ), a growth cone with a microspike (2), a branching point of a neurite (3), an area of apparent fasciculation (4), and a microspike extending from a neurite (5). Parts of two highly villous cell bodies are in the lower right. The ECM is the granular surface punctuated with holes on which the neurites rest.
was relatively smooth (Fig. 4, B and D) , possibly the result of the increased adhesion to the ECM. Cells in the presence of NGF on ECM in time develop a highly villous cell surface (Fig. 5 ) similar to that reported by Connolly et al. (1979) .
Stock cultures of PC12 cells on tissue culture plastic appeared to be morphologically homogeneous. Most cells were in large aggregates, which were either loosely attached to the plastic or floating in the media. In contrast, trypsin-dissociated single cells seeded on ECM-coated dishes initially appeared to be homogeneous, with an occasional (<lo/,) very flat and spread-out cell (Fig. 4G) . However, after about day 8 in culture on ECM, the cells began to multiply (with an average doubling time of 3 to 4 days during their logarithmic growth phase (D. K. Fujii, S. L. Massoglia, N. Savion, and D. Gospodarowicz, unpublished results), a doubling time similar to that reported by Greene and Tischler (1976) ) and two other distinct cell populations became evident. One type of cell remained clearly separated from its neighbor, while the other type, composed of (apparently) smaller cells, grew in such tight aggregates that no cell borders were visible under phase contrast microscopy ( Fig. 4H) . Cell borders were evident, however, when examined by transmission electron microscopy (D. K. Fujii, S. L. Massoglia, N. Savion, and D. Gospodarowicz, unpublished observations). Cultures always behaved in this manner when maintained on ECM-coated dishes regardless of their passage number. All three cell types emitted neurites in the presence of NGF.
The presence of catecholamines, which was reported previously (Greene and Tischler, 1976) , in the cell body and neurites of cells maintained on ECM exposed or not to NGF was indicated by a glyoxylic acid-induced, intense yellow-green fluorescence (Fig. 6 ). During the first few days, fluorescence can be seen in the cell body and all along the neurite. At later times (after about day 8), in the continued presence of NGF, the fluorescence tended to be localized in the neurites, particularly at the growth cones, branching points, and varicosities, although many cell bodies were fluorescent.
As was previously reported (Tischler and Greene, 1978) , not every cell was fluorescent regardless of length of time (up to 10 days) in culture or presence of NGF. During a lo-day period, the mean number of fluorescent cells in the absence of NGF was 58.3 + 10.5%, while in the presence of NGF, it was 50.4 f 7.0%. On day 10, the percentage of fluorescent cells was 62.5% in the absence of NGF and 35.0% in its presence. A similar decrease in the number of fluorescent cells was observed by Tischler and Greene (1978) for cells exposed to NGF for 2 weeks.
Ultrastructural properties of PC12 cell cultures on ECM-coated dishes in the presence or absence of NGF. When the ultrastructural characteristics of cells cultured for 2 days on ECM-coated dishes and exposed to NGF were compared to those of cultures maintained in the absence of NGF, no striking morphological differences could be observed when cells were viewed by transmission electron microscopy ( Fig. 7) . In both cases, numerous free ribosomes and mitochondria appear in the perikaryon of the cells and their neurites (Fig. 7 , A and C).
Along the plasma membranes of adjacent cells, puncta . Very dense core vesicles (diameter, 123 + 13 nm) are found in neurites and along plasma membranes of cells regardless of whether the cells were exposed to NGF (Fig. 7, A and B) . A somewhat lighter, granular core vesicle also was observed, usually in the presence of the darker core vesicles. These lighter core vesicles had a mean diameter of 107 + 14 nm in the absence of NGF and 114 & 13 nm in the presence of NGF (Fig. 7, A and  B ) . These vesicles closely resemble those found in rat adrenal medulla cells (Millar and Unsicker, 1981) and in PC12 cells (Tischler and Greene, 1978) . No clear, small, round vesicles (20 to 70 nm in diameter) were observed. Neurofdaments and microtubules were observed in the perikaryon of cells and in neurite outgrowths present in cultures exposed or not to NGF (Fig. 7B) , Some microtubules appear to follow a helical path within the neurite (Fig. 7B) (Johnston and Wessels, 1980) . Microspikes were observed to extend from neurites and from the end of a growth cone (Fig. 7C) .
Effect of various agents, conditions,' and metabolic ' " inhibitors on neurite outgrowth by PC12 cultures maintained on ECM. It was reported previously that clbcAMP and high concentrations of potassium ion increased neurite outgrowth by PC12 cells maintained on tissue culture dishes (Schubert et al., 1978; Gunning et al., 1981) . We also found that dbcAMP (1 mM), K+ (55 mM), as well as serum-free conditions (Schubert et al., 1971; Haffke and Seeds, 1975) all enhanced the outgrowth and survival of neurites on ECM in a manner similar to NGF (Table I) . For some neuroblastomas, neurite formation can be induced by actinomycin D or cytosine arabinoside (Schubert et al., 1971; Haffke and Seeds, 1975) . When both actinomycin D (1 or 10 PM) and cytosine arabinoside (1 PM) were tested for their ability to stimulate neurite outgrowth from cells maintained on ECM-coated dishes (Table II) , it was observed that neither of these agents resulted in the promotion of neurite outgrowth, a finding consistent with previous observations (Greene and Tischler, 1976) .
Cycloheximide, an inhibitor of protein synthesis, completely inhibited neurite outgrowth (Table II) . A similar effect was noted for cells on ECM-coated dishes exposed to cobalt ions (a calcium ion antagonist) (Table II) . However, under the above conditions that inhibited neurite outgrowth, there was also a decreased survival and flattening of cells (many cells attached but remained rounded) whether the inhibitor was added just after the plating of the cells or as late as 5.5 hr after plating, by which time most cells had flattened. Effect of NGF antiserum pretreatment of ECM-coated dishes on their ability to support neurite outgrowth in PC12 cultures not exposed to NGF. One possible explanation for the ability of ECM-coated dishes to support and promote neurite outgrowth could be the presence of a structural determinant similar to that of P-NGF. Equally possible is that NGF itself could be adsorbed from the serum onto the ECM. If either possibility were the case, then pretreatment of ECM-coated dishes with NGF antibodies, which have been shown to be capable of neutralizing NGF's biological effect, should block neurite outgrowth on ECM. The speed at which neurites develop on ECM is quite similar to that described by Greene (1977) for neurite regeneration by PC12 cells previously exposed to NGF. Using Greene's criteria (Greene, 1977) for activity and calculation of the specific activity of ,L%NGF, one could estimate the amount of NGF which should be present within the ECM to induce such an effect. Typically, in 24 to 48 hr, about 50% of the cells on ECM have neurites. This would correspond to 1 unit of /3-NGF/ml or 0.25 ng of /3-NGF/ml. When ECMcoated dishes covered with 1 ml of growth medium were exposed overnight to a rabbit anti-mouse NGF antiserum capable of neutralizing 50 ng of /?-NGF (a 200-fold excess), they were still capable of supporting neurite outgrowth with at least the same efficiency as untreated ECM even in the continued presence of NGF antibodies (Table II) . It is therefore highly unlikely that the ability of the ECM to support neurite outgrowth could be due to adsorbed NGF or to an NGF-like determinant present within the ECM. A negative result with even a polyclonal antiserum is not a conclusive demonstration of absence, however.
Ability of various artificial substrata to support neurite outgrowth by PC12 cells in the absence of NGF. When various agents used to coat plastic dishes were tested for their ability to support neurite outgrowth 1 day after seeding and compared to ECM-coated dishes, none of the agents, with the exception of bovine skin collagen (a mixture of types I and III), supported appreciable neurite outgrowth (Table III) . Although bovine skin collagen could support short neurite outgrowth from about 10 to 15% of the cells 24 hr after seeding, virtually all neurites were retracted by 48 hr. Neurite outgrowth on collagen-coated dishes did not always occur (2 of 4 experiments). Neurite initiation in those experiments may have been the result of using a stock culture with a larger percentage of the flat cell variant which arises spontaneously. Gelatin-coated dishes did not support neurite outgrowth. Human fibronectin coated onto plastic, poly-D-lysine-coated dishes, or collagen-coated dishes and poly-D-coated dishes alone were ineffective (Table  III) . Bovine plasma fibronectin coated on dishes in buffers of pH 6.0, 6.5, and 7.2 as described by Akers et al. (1982) was also ineffective in supporting neurite outgrowth even in the absence of serum (D. K. Fujii, S. L. Massoglia, N. Savion, and D. Gospodarowicz, unpublished results) .
Conditioned media from bovine vascular and corneal Vol. 2, No. 8, Aug. 1982 endothelial cell cultures, which had been shown in previous studies (Vlodavsky and Gospodarowicz, 1981) to contain both fibronectin and laminin, as well as various types of procollagen and proteoglycans, also were tested for their ability to induce neurite outgrowth.
Plates were first coated with poly-n-lysine and then exposed to conditioned medium overnight in order to adsorb on the plastic surface the various components present in the conditioned media in a manner similar to that described by Collins (1978b) . When such coated plates were tested for their ability to support neurite outgrowth, no significant stimulation was observed (Table III) . Effect of enzymatic and chemical treatment of ECMcoated dishes on PC12 cell attachment and neurite outgrowth.
In order to elucidate the nature of the factor(s) present within the ECM which is involved in supporting neurite outgrowth, ECM-coated dishes were first submitted to various enzymatic and chemical treatments. Treatments with trypsin, chymotrypsin, or a relatively nonspecific collagenase all inhibited neurite outgrowth by greater than 80% (Table IV) . Trypsin and chymotrypsin left the ECM visibly intact, while collagenase treatment destroyed it. Cell attachment to trypsintreated ECM was approximately 10 to 20% less than the untreated ECM control over a 2-hr period (D. K. Fujii, S. L. Massoglia, N. Savion, and D. Gospodarowicz, unpublished results). Thus, the reduced ability of ECM to support neurite outgrowth after protease or collagenase treatment could result, in part, from a decreased cellular adhesion to the ECM, since when observed by phase contrast microscopy, the cells were rounded, instead of assuming the flattened morphology observed on untreated ECM. In order to evaluate the relative importance of intra-and interdisulfide bridges present within the ECM for neurite outgrowth, ECM-coated dishes were exposed to 0.1 M DTT, which resulted in a 27% reduction in neurite outgrowth (Table IV) . In order to evaluate the involvement of glycosaminoglycans present within the ECM in promoting neurite outgrowth, ECM-coated dishes were exposed to either 4 M GuHCl, 14 M NHIOH, or 2.5% HNOZ. While treatment of ECM with GuHCl or strong bases is known to remove most of the glycosaminoglycans (Sajdera and Hascall, 1969) , as well as the nondisulfide-bonded proteins or glycoproteins present in the matrix, HN02 specifically cleaves the glycosaminoglycan heparan sulfate at the glycosidic bond adjacent to N-sulfate group (Kosher and Searls, 1973; Cifonelli, 1968; Castellani et al., 1970) . Pretreatment of ECM-coated dishes with GuHCl reduced neurite outgrowth by 85% (Table IV) , while exposure to NH,OH stopped it completely. This suggests that the active component of the ECM involved in neurite outgrowth is extracted or inactivated by exposure to either GuHCl or to NH40H. Likewise, treatment of ECMcoated dishes with HNOz resulted in a 91.6% inhibition of neurite outgrowth (Table IV) . In order to see if chondroitin sulfates could be involved in neurite outgrowth, ECM-coated dishes were exposed to chondroitinase ABC. Such treatment resulted in only a 22% decrease in neurite outgrowth (Table IV) , suggesting that, among the proteoglycans known to be present within the ECM, chondroitin sulfates play little role in neurite outgrowth. Treatment of ECM-coated dishes with 14 M NHdOH, 4 M GuHCl, or 2.5% HN02 slightly, but insignificantly, reduced the rate of attachment of PC12 cells relative to control dishes over a 2-hr period (Fig. 8) . Cells were observed to flatten in a manner similar to ECM controls. Thus, although the cells attached to treated plates almost as quickly as to controls, no neurites were initiated. This indicates a possible difference between cell attachment and neurite outgrowth factors.
Neurite outgrowth on ECM prepared in the presence of xyloside or previously exposed to PC12 cells. The above chemical treatments of ECM resulting in greatly decreased neurite outgrowth suggest that, if their effect is as specific as it is on isolated glycosaminoglycans or proteoglycans, then the decreased neurite outgrowth might correlate with the loss or inactivation of glycosaminoglycans in the ECM. However, GuHCl and 14 M NH40H can denature proteins and HN02 will react with any primary amino group. Thus, the results can only suggest a role for glycosaminoglycans.
Xyloside acts as a competitive acceptor of the preformed glycosaminoglycan side chain and thus inhibits proteoglycan synthesis. The addition of xyloside to the growth medium of BCE cells used to prepare ECMcoated dishes resulted in essentially complete inhibition of the synthesis and deposition of sulfated glycosaminoglycans into the ECM (Nevo et al., 1982) . This xylosideprepared ECM was still capable of initiating neurite outgrowth in a manner similar to untreated ECM (an average of 43% of the cells had neurites on day 2). Thus, glycosaminoglycans, or at least the carbohydrate portion of a proteoglycan, seem to be unnecessary for neurite outgrowth.
To test whether PC12 cells can consume the factor in ECM responsible for neurite outgrowth directly, PC12 cells were grown to confluence on ECM-coated dishes in the presence of /3-NGF (50 rig/ml). The PC12 cells then were removed by treatment with 20 mM NHdOH, the procedure originally used to prepare the ECM capable of supporting neurite outgrowth. Cells plated on such ECM attached and flattened but did not exhibit neurite outgrowth. This would suggest that the factor in the ECM responsible for neurite outgrowth was either completely consumed or was inactivated by the first PC12 culture.
Modulation of protein synthesis as a function of the substratum upon which PC12 cells were exposed and as a function of whether cells were exposed to NGF. To determine the changes in protein synthesis that occurred in PC12 cells in response to the substratum upon which they were maintained and to NGF, we have examined cultures labeled with [""Slmethionine (days 3 to 5) maintained on collagen-or ECM-coated dishes exposed or not to NGF by two-dimensional gel electrophoresis. The autoradiograms corresponding to cultures maintained on collagen versus ECM and exposed or not to NGF for 5 days are shown in Figure 9 . Although no qualitative changes in cellular protein synthesis could be observed between cultures maintained on collagen gels versus those maintained on ECM-coated dishes, quantitative differences were apparent, particularly in the high molecular weight (>85,000) protein region (Figs. 9, A and B, and 10, A and B ) . When cultures maintained on collagencoated dishes were exposed to NGF, there was a preferential decrease in the labeling of high molecular weight protein (Fig. 9C) . Th [":'S]methionine-labeled protein distribution tended to resemble that of cells maintained on ECM-coated dishes (Fig. 9B) .
The synthesis of a new protein in NGF-treated dishes could be readily detected regardless of whether cultures were maintained on collagen-coated dishes (Fig. 9C) 01 ECM-coated dishes (Figs. 9D and 100) . This protein has a molecular weight similar to that of tubulin (M,. = 55,000 to 56,000) and has a slightly more neutral isoelectric point (pH 5.6 versus pH 5.1 to 5.2 for tubulin). The same protein also was detected (4-hr labeling) in cultures which were maintained on ECM in the absence of NGF for 2 days and which exhibited neurites (D. K. Fujii, S. L. Massoglia, N. Savion, and D. Gospodarowicz, unpublished results). Cells were cultured on ECM for 5 days in the presence of NGF (100 ng of ,&NGF/ml). The cells were extracted under conditions which leave the microtubules and associated cytoskeletal components attached to the substratum (Solomon et al., 1979) . The NGF or neurite-induced protein was found to remain with the cytoskeletal components (D. K. Fujii, S. L. Massoglia, N. Savion, and D. Gospodarowicz, unpublished results).
When PC12 cells were labeled in a manner similar to that of Garrels (1979) and Garrels and Schubert (1979) but using only 100 &i of [35S]methionine, no difference was found in the labeling patterns when compared to cultures labeled as described under "Materials and Methods" either for the same length of time (4 hr) or for 48 hr.
Modulation of protein secretion as a function of the substratum upon which PC12 cells were exposed and as a function of whether cells were exposed to NGF. When the proteins released by PC12 cells into their media were analyzed as a function of the substratum upon which cells were maintained, no obvious qualitative or quantitative differences were apparent between cultures maintained on collagen-versus ECM-coated dishes (Fig. 11 , A and C). In contrast, when NGF was added to the medium, both qualitative and quantitative changes occurred that were the same regardless of whether cultures were maintained on collagen- (Fig. 11B) or ECM-coated dishes (Fig. 1lD) . A greatly increased release of protein with approximate molecular weights of 30,000 and 70,000 (Fig. 11, B and D) was observed, while the release of all other proteins was greatly reduced.
Discussion
Growing neurites from cultured nerve cells are in a constant process of extension and retraction. Factors which stabilize the extended state would induce neurite formation and elongation. The concept that the strength of neuron adhesion to its substratum is an important regulatory factor for neurite initiation and outgrowth is supported by recent evidence. Studies on the interaction of chick embryonic sensory neurons with tissue culture dishes coated with collagen, polyornithine, polylysine, or PH Vol. 2, No. 8, Aug. 1982 were dissociated with trypsin and plated onto collagen-or ECM-coated dishes in 2 ml of growth medium in the presence or absence of 7 S NGF (3 pg/ml). On day 3, the cells were washed two times with methionine-free RPM1 1640. One milliliter of methionine-free RPM1 1640 supplemented with 1% heat-inactivated horse serum, 2 mM glutamine, and [35S]methionine (60 to 70 &i) then was added to the culture. After 48 hr, the cells were washed and prepared for isoelectric focusing (2 x lo5 cpm/sample) and SDS electrophoresis as described in the text, and the autoradiograms were exposed for 3 days. The numbers of cells recovered from duplicate dishes were 1.3 X lo5 (collagen), 1.3 x lo5 (collagen plus NGF), 1.75 x lo5 (ECM), and 3.4 x lo5 (ECM plus NGF). No neurites were present on day 5 in the cultures not exposed to NGF. Double gels of PC12 cehs long term survival and differentiation of sympathetic the substratum increases the probability of axon initianeurons required strong adhesion of the neuronal protion, the rate of axonal elongation, and the degree of cesses to the substratum (Hawrot, 1980) . Studies using axonal branching (Letourneau, 1975a, b) . Likewise, the interference reflection optics support the notion that cell- Figure 10 . Enlargement of areas of Figure 9 . A and B, The large enclosed areas in Figure 9 , A and B, are enlarged here to show greater detail. A shows the high molecular weight (>85,000) region of the gel for PC12 cells grown on ECM for 5 days. B is the same for cells grown on collagen-coated dishes. The three pairs of similar rectilinear figures were drawn to act as reference points and were chosen arbitrarily. C and D, The smaller enclosed areas in Figure 9 , B and D are enlarged here to show greater detail. C shows the gel of PC12 cells grown on ECM for 5 days. D shows the same but for cells grown in the presence of 3 pg of 7 S NGF/ml. The circle indicates the area where the NGF-induced protein is located. substratum adhesion stabilizes the extension of the growth cone margin and may promote nerve fiber extension through its influence on the organization of the microfilaments within the growth cone (Letourneau, 1979) .
Recent studies with the PC12 cell line have shown that NGF increases the rate of cell-substratum adhesion and have suggested that this enhanced adhesion is ultimately responsible for neurite outgrowth Schubert et al., 1978) . Additional experiments have indicated that increased mobilization of Ca2+ may be responsible for restructuring the cell surface, correlative with enhanced cell-substratum adhesion and neurite extension.
Neurite outgrowth from neurons isolated from ciliary, sympathetic, and sensory ganglia and spinal cord has been enhanced by a factor(s) in the conditioned medium from heart cell cultures (Helfand et al., 1976 (Helfand et al., , 1978 Collins, 1978a, b; Collins and Garrett, 1980; Dribin and Barrett, 1980; Adler and Varon, 1981; Coughlin et al., 1981) . The factor(s) apparently needs to be attached to the substratum to be active.
Although the above studies support the conclusion that adhesive interactions with the environment are an important source of developmental information in the formation of neuronal processes (Letourneau, 1975a) , a valid criticism of previous experiments done on the interaction of nerve cells with their substratum is the artificial nature of the in vitro substrata provided to the cells (plastic, collagen-or gelatin-coated dishes, surfaces of fixed cells, or chemically coated surfaces subsequently coated or not with conditioned medium).
In uivo, neurite outgrowth and growth cone progression occur in close contact with the basal lamina produced by the various tissues that the elongating nerve fiber will encounter during its development (Roberts, 1976) . In the present study, therefore, we have analyzed the interaction of PC12 cells with the ECM produced by cultured corneal endothelial cells. This ECM has been shown to have the biochemical composition of a basal lamina, as it is composed of both interstitial and basement membrane collagen types, proteoglycans, and glycoproteins, such as-fibronectin and laminin.
PC12 cells grown on tissue culture plastic adhere very poorly to the substratum and grow mostly as floating cell aggregates. By the criteria of biological responsiveness to several biochemical agents and growth rate, our cells behave much like the original PC12 cell line. This stands in contrast with culture conditions developed by , which favor the growth of PC12 . Proteins secreted into the medium by PC12 cells on collagen-or ECM-coated dishes in the presence or absence of NGF. PC12 cells (3 x lo5 cells/35mxn dish) were plated and NGF was added as in Figure 9 . One-half of the medium was changed and NGF was added on days 2 and 4. On day 6, the cells were washed as described in the text, and 706 4 of the labeling medium, [35S]methionine (45 to 50 $i), and NGF, if added previously, were added. After 6 hr, the medium was harvested and spun to remove cell debris, and the supernatant was frozen. The numbers of cells recovered from duplicate dishes were 7.8 x lo4 (collagen), 8.6 X lo5 (collagen plus NGF), 4 x lo5 (ECM), and 8.0 X lo5 (ECM plus NGF). The samples (3000 cpm each) were run on an SDS slab gel as described in the text and the autoradiograms were exposed for 3 weeks. When the attachment of PC12 cells to ECM-coated dishes versus plastic or collagen-coated dishes was compared, it was observed that cells attach rapidly and tenaciously to ECM-coated dishes. Similar results were obtained with ECM-coated dishes treated with GuHCl, NHdOH, or HNOz. Following their attachment to the treated or untreated ECM, cells could be observed to spread and flatten, thus reflecting the close association of the cells with this substratum.
It was observed that, even in the absence of NGF, PC12 cells plated on ECM were capable of extending neurites, although for a limited time (5 to 10 days). No such extended response could be observed on either plastic or collagen-coated dishes unless NGF was present. Neurite outgrowth by cells maintained on ECM could be due either to an NGF-like determinant present within the ECM or to adsorbed NGF from the serum. Neither possibility was indicated because NGF antiserum, which blocks the biological response of PC12 cells to NGF, did not block the neurite outgrowth of cells on the ECM. The presence in the serum of some NGF-like factor to which the cells become responsive when on ECM was unlikely because neurite outgrowth occurred in serumfree medium. Inhibitors of specific metabolic processes were found to decrease or completely eliminate neurite outgrowth. Treatment of ECM with GuHCl, NHdOH, or HNOz greatly decreased neurite outgrowth without a similar decrease in attachment. The xyloside experiments indicate that the glycosaminoglycans are not an important factor in this system. Some isolated components found in ECM were also incapable of supporting neurite outgrowth. It is therefore likely that the increased cellsubstratum adhesion of PC12 cells to ECM versus collagen or plastic surfaces has an important role in neurite outgrowth. This increased cell-substratum adhesion, although necessary for neurite outgrowth, is nevertheless not sufficient. Our results are consistent with the possibility that increased cell-substratum adhesion plays an important role in neurite initiation and outgrowth but also suggest a difference between factors involved in cell attachment and neurite outgrowth. NGF was still required for the long term maintenance and expression of new neurite outgrowth. Thus, NGF's primary action in uivo may not be neurite initiation but long term stabilization of structural components within the growing neurites. Whether NGF accomplishes this stabilization directly, an inference made possible by NGF binding to cytoskeletal elements (see Schechter and Bothwell, 1981; Nasi et al., 1982) or indirectly, by altering cellular metabolism, is not resolved by this study.
The increased rate of neurite elongation and branching observed on ECM-coated dishes could result from increased adhesiveness of the advancing growth cone on such a substratum. In addition, the frequent formation of microspikes from the neurite to the ECM substratum might allow a more efficient adhesion of the elongating neurite to the ECM than that to a plastic or collagen substratum. Such stabilization of adhesion also might support the formation of additional growth cones, leading to branching neurites.
The decline in the percentage of cells bearing neurites after day 2 in the absence of NGF might be explained by the possibility that the active component(s) in ECM is consumed or inactivated. Cultures of PC12 cells plated onto ECM previously covered by PC12 cells did not exhibit neurite outgrowth. This observation would be consistent with the complete cellular consumption of the active component(s) in the ECM. Normally, cells were plated at a low density (50,000/35-mm dish) for the neurite outgrowth assay. Since the cells were still sparse even by day 7 when most, if not all, of the neurites had retracted, it seems unlikely that the cells had consumed all the active component(s) in the ECM directly. A more likely explanation would be that PC12 cells, like many other tumor cells (see Varani et al., 1979) , secrete a variety of degradative enzymes (e.g., proteases) and that these enzymes destroy the active component(s). This would be consistent with the results of the protease inactivations of ECM in Table IV . Another possibility is that, since the cells enter a logarithmic growth phase after about 8 days on ECM, the entrance of cells into a phase of the cell cycle which does not permit morphological differentiation results in neurite retraction.
The ECM produced by BCE cells probably has some similarities to the substratum-associated microexudate produced by several non-neuronal cells previously reported to enhance neurite outgrowth from normal neuronal cells (Collins, 1980; Hawrot, 1980) which were exposed to NGF in uiuo. Hawrot (1980) has suggested that fibronectin or a glycosaminoglycan might be involved in his microexudate. Our experiments with fibronectin, as well as those of Dribin and Barrett (1980) , were negative, and Collins (1980) reported that an antibody to fibronectin did not reduce his microexudate's effectiveness. A recent report by Akers et al. (1982) indicates that fibronectin can support neurite outgrowth by chick neural retinal cells under serum-free or very low serum conditions. This probably indicates that specific systems may or may not be responsive under a given set of conditions. Thus, no generalization should be made.
Since most of the components of ECM can be found in soluble form in the tissue culture media of various cell types capable of producing such a matrix (Vlodavsky and Gospodarowicz, 1981) , the possibility exists that the components of the ECM which mediate cell adhesion and neurite outgrowth are similar to those found in the conditioned media of various cell types. A number of investigators have reported that various cells from several species are capable of producing a conditioned medium factor(s) which must be adsorbed to a surface to enhance neurite outgrowth by several types of normal neuronal cells (Helfand et al., 1976 (Helfand et al., , 1978 Collins, 1978a, b; Collins and Garrett, 1980; Dribin and Barrett, 1980; Adler and Varon, 1981; Coughlin et al., 1981; Henderson et al., 1981; Varon et al., 1981) . As yet, a positive identification of the neurite-stimulating factor(s) (the presence of NGF has been excluded) or its mechanism of action has not been possible, but enhanced cell-substratum adhesion may be an important factor. Our experiments with conditioned medium did not strongly suggest that a factor(s) was present in the conditioned media from cornea1 and vascular endothelium which could be physically adsorbed to a surface and thus promote neurite outgrowth from PC12 cells. However, all of the above studies by others were done with normal neuronal cells which probably had axons prior to isolation and were either previously exposed to NGF or did not require NGF for survival and neurite extension. Thus, the PC12 cells might not be a sensitive enough assay or are just not responsive under the assay conditions. PC12 cells on collagen-coated substrata have been shown to express neurites when cultured with a conditioned medium produced by the C-6 glioma cell line (Edgar et al., 1979) . The factor is apparently not NGF, and a need for substratum attachment was not investigated.
Increased substratum adhesion also was reflected by quantitative changes in cellular protein synthesis but not secretion. This was best observed when one compared the pattern of proteins synthesized by PC12 cells maintained on collagen gel versus ECM. A reduction in the labeling by [?'S]methionine of high molecular weight proteins could be observed readily with cultures maintained on ECM. In contrast, when one compared the various proteins secreted by the cells maintained on either substratum, no obvious differences could be observed. In the presence of NGF, qualitative changes in cellular protein synthesis also took place which were the same regardless of the substratum (either collagen or ECM) upon which cells were maintained. Particularly interesting was the observation of the induction of synthesis of a new protein with a molecular weight of 55,000 to 56,000 and an isoelectric point of 5.6. Cultures on ECM exhibiting neurites (e.g., day 2) in the absence of NGF also contain the protein, which is apparently associated with the cellular cytoskeleton. While this cellular protein has the same molecular weight as the substratum attachment molecule described by Schubert (1977) , no protein of similar molecular weight was observed in either the secretion studies described below or in cell surface labeling experiments using lactoperoxidase (D. K. Fujii, S. L. Massoglia, N. Savion, and D. Gospodarowicz, unpublished results). Although it has been reported by others (McGuire et al., 1978; Garrels and Schubert, 1979) that, for PC12 cells, NGF causes only quantitative modulations of protein synthesis which are the same as those caused by CAMP analogs, our data indicate that qualitative changes can occur as well. Nilsen-Hamilton et al. (1980) reported that certain growth factors (epidermal and fibroblast growth factors) affected the rate of synthesis of secreted proteins more than of cellular ones. NGF also strongly affected the distribution of proteins released into media by PC12 cells. This was reflected by the strong induction of release of two proteins with molecular weights of 70,000 and 30,000 and the repression of secretion of proteins with a high molecular weight (above 100,000). The 30,000-dalton protein may be the same protein whose synthesis was increased by NGF in glucosamine-labeled PC12 cells as reported by McGuire et al. (1978) . Such modulation of protein secretion by NGF was identical regardless of the substratum upon which cells rested (either collagen or ECM). Such results suggest that NGF has an effect on phenotypic expression that is complementary to that of the substratum. It is also possible that the decrease in overall protein secretion by PC12 cells in the presence of NGF might limit the secretion of degradative enzymes, resulting in a stabilization of neurites.
In conclusion, the adhesive interaction of nerve cells with the ECM produced by cultured cornea1 endothelial cells may not only provide a new model with which to study the trophic and chemotactic effects of NGF on neurites developing on a natural substratum but also may prove to be useful for the development in culture of neurons from the central nervous system which require intimate contact with glial cells for survival and growth (Sensenbrenner, 1977) . Although the role of glial cells may be to provide a trophic factor, it is equally possible that they could provide a suitable microenvironment (such as extracellular material) for mediating neuronal cell adhesion and axon outgrowth (Hatten and Liem, 1981) .
